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ARSTRACT

Parallel Operating centrifugal gas compressors
hemical industry, in oil

production and in watura) gas gathering, indection,

separetion, transnission a1d LIG product on,

enerdy savings, raduced rapains and improved autonation

are possible nith more effect ive SoluETons

suggest an inproved setinitio
of compressor energy &fficiency.

e descrived theoretically and with
examle fron field perat ion.

NOMENCLATURE

b distance botween surge Tinit 1ine and surge
Vine, dinensionless
ting point from surge control

n specitic power consumpt
SDeciic pover consumption, sbsolute urits

he, | Spectic poer consunption, relative units
Cirrent-co-preumtic tratsdc

K soge of surae conirol i, Ginenstontess

X pmer, kot

KM B

M™% Dilpt of Aatiseras Comiroller

B3 proportional pius Integral detput of ntisurge
Controller

m3 ooen loop output of Antisurge Controller

i output of Perfornance Controller

N5 output of Load-Sharing Controller

Mg proportional plus integral plus derivative
output of Load-Sharing Control ler

1 proportional plus integral control algorithn

P tional plus integral plus derivative
contro algoritm

% pressura in compressor suction

s o E0 users Shadard ubie metens/ninute

Rt L e Wi Shamiard Sibie el

R comressor ratio, dinensfonless

P revolutions per minute

s relative distance from surge control line,
dinensionless

SO Flow rate, standard cubic meters/ninute

SCH 5 maximun flow, Standard cubic meters/minute
Eransnitter

E normalizing coefficents for scaling Criterfa S,
dimensionless

3 bressure differentiol across comrassor, bar

8%, pressure ential across flow measuring

Gevice.in compressor sucton, ™ g0
INTRODUCT 10N

trifuoal gus conpressors operating in paralle)

described, and records will be analyzed fron a field
installatior
{nstallations Toad changes sre anticipated

However, 1n many

0 very costly in &
essened reliability. Whether the 10ad

energy and

Germany e 612, 985



s now manual or automatic, it can, in the
* opinions, be improved significantly. Te user
e vell rewrded for any improvenercs.
one installations, Toad changes
anticipated; stesty 1000 baing prediceds

fotlures 10 any part of thé process ney any tine
forcibly change the
ove real stic agproach {5 to design the conteol

able pressure control, better machine protection
and mwma automation.
different stratagies have been employed to
mpressor station, One common
the Speed control mamally and run
each compressor continuously at full load. Swings in

Station 1oad ar ) reciraulstion af gas araund che
compressors. This system 15 obviously wasteful of
energy.

Biasing flor 15 another comon station control
primary o statior

point, this system requires

simiiar provlen will be
found with station control ‘strategies that
compressor speeds

very comon metnad calls for base Toading
the most efficient compressors either at their maximum
£ maximun polyt;

d Toad are then met by
s-efficient conpressors or
e compressors. systen 1s
not energy efficient or sufficiently reliable in our
opinion.

Webelieve that a1 the above methods can
improved on.

Station energy efficien

Ehis strategy which we call the *S Criterio”

AN IHPROVED DEFINITION OF COMPRESSOR EFFICIENCY

Lot us caretully review the definition of
compression eneray afficiency.
comonly used, pol

najor energy Tosses can occur through the antisurge
valre oe through the cool ing oc qusnching, a1
part of normal operatior

SPECIFIC PONER CONSUMPTION
Instse, ve St prapost 3 it detinttien of

Srergy sfticiancy, wHish we tom Sle Specific fouer
Consumpton "h". n be dermned s ol 1o

Specific Power Consunption “h" s
the energy input to a conpressor
ten required to maintain the

Sbsolute units s or 1 Felative

For exanple, if it takes 500 ku of power to
deliver 1,000 standard cubic meters/ainute of gas at
conpressidn ratio o n in absolute values

hy = 5 UTes e, Dol drvides By o i

G

o comare effictancios of comressors of
aittorent copacities and pover consumtions, it
convenier < dinensiantess measurenent. fo
Specitic. Pover Consumprion.  Units are. pover d1eided by
naxinun power and flow rate divided by maxinun flow for
3 specific conpressor.

:, W, _sow
i Knax ST ax &

Since h fncreases with eneray consumption, note
that an increase in h s a decrease n systen energy
efticiency and vice Jurae:

ot e Pover Consutpton, therefors, 1ncludes

that Specific Power Consumption 3ives a more realistic
measure of the economic 0sts of a conpression systen.

UNLOADING AND LOADING STRATEGIES FOR THE COMPRESSOR
STATION

Compressors may be loaded and unloaded by speed
changes, changes in guide vane position, throttling or
ecirculation, We shall use for our examples
centritugs] gis compressors witn variable speed ges
Turbine drives and recirculation, controlled for
Conpression ratio:



Matisius resuits woeld foflon if Eha conteolled

paraneter was fnlet pressure, discharge pressure or
flow rate.” The rnson\ﬂg and results would b
lasous, too, if he compressors were ContraTled by

345058013 ouide vanes or Ehrote

their enerqy efficiency, machine protection and
automation.

tininyn sate 61
Uga] conpressor may be unloaded only to
fts surge 11nit Liney Rt that 11a1t, dangeroes Fiow and
pressure oscillations begin which can damage or destroy
the comressor. To protect the compressor from surge

begins is the surge control line. We may consider this
fo'be the ine o7 minimn safe tlov.  The calculation
of the minimn safe flon 15 coplex; Tere

the effectiveness of the surge control System. The
more effective the surge control, the closer the surge
contro] line will be to the surgé 1imit Tine, and the
Tess the recycle needed.

Calculating Specific Power Consumption
ks 67 Conoressoreautihin the station
nay be similtaneous, successive, or wixed. T nost
efficient strategy can be found by comparatively simple
calculations based an an analyss of the performance
nap of each compressar in the station.

suppose 2 station of two, Tasntica) comressors
operating in parallel, Fig. 1 gives the performance

comression ratio & - 275, lote thet the ressoning
uhich tollons wouldapoly Sually wert i
Control ed paraneter wers d1scharge gressure, or

Siction pressure or

flow rates. Soint A belongs o the maximun performance
curve corréspanding to tne naxinun speed and flor,
point B, the design point (the expected operating puint

oF the compressar], the speed ana flon rata is samenns

Tower. The specific power consumption at B has
decreased sligntly, which indicates an ncrease of
efficiency. Ties on the compressor's surg
control Tine. Setueen point the specific

power cansumption has increased sligntly and the
efficiency decreased sligntly.
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At posnt C, owever, efficiency s still higner than at
the \nvuﬂ poin
£ s the minimun safe flow for t
conprossor ot this speed, with these inlat conditions
e surge contral sysiens. From

power 15 constant. As a result of this
recirculation, che specific power consumtion sharyly
increases to the left of point C. Put in alternate
terms:

o r—uéﬁ‘”ig FoH et
_U
“L&

S the o 2 flom unit
5F

e e v

Tne effectiveness of the surge control syscen nou
Decones crit. ne e the surge control

Satire el etlabion SRAIRS is tok Hiant s

the comprassor flow decreases rae control 1ine
r. in Some cases, 1t increases slightly and the
deérenses s1igncly. towevar, tic

Consunptfon increases dramatically as saon as

ot
Fecireutation begine.

s further exasiles, Fig. 3 stoss the specific
power consumption as ¢ finction of flou rate

operatio
Incressing the sate operating range witnout

Ton 15 mbre Tmporians
S ftTTency Grameatratning the

Compressors sperating TR

w—"’i——r-rr?—r iETen

Specific Power Consunption in Multi-Conpressor
Operition. e WiTT oy SearTag the paraTIel opssstion

uction pressare control or discharge
presiure control give analagous result:
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SPECIFIC POWER CONSUMPTION h

ST
" RELATIVE FLOW Gear/Ormax

FIG. 3. SPECIFIC POMER CONSUAPTION
G FouR wake: 5508

There are three major alternatives to changing

station flow:

a. To unload and load conpressors

strulzaneous] "

To unload and oad compressors in sequence,

First decreasing the flow of the least

efficient compressor and keeping the otners

at navinun 10ed

€ To cambine the s mltaneous and seavential
unloading strategie

Speci fic Power Consunpt ion for Sirultansous

UnloZding/ioading. Fig: s the specific power
BETaN 57 3 %1y taneou n'to the Surge

Tower yus desand by partial reciroulation around the
compre:
R poine ¢, compressor

No. 175 shut down. The
control Systen compensates for this Flow 105 by
Toeding compressor fo. 2 to its

is compensated once more by recirculation.
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SPECIFIC POWER CONSUMPTION h

g

g =
RELATIVE FLOW Qu5e/Qmay

SPECIFIC POKER CONSUKPTI0N OF
THO' 1DENTICAL CONPRESSORS

£16 e

Between points B and C, the efficiency of th
Station drops but, after the shutdown of compressor 10.
served at the

decraases. Retween points A and £, there is no
STontFicant change of the station'elficiency.

eciic_power Consumption or Sequential
m,auﬂ—mﬁ—r—gm e o g, 4

ancia) unloaging/losding. Between
Toaded and kept

doun o fts surge control Tine (point F). The
efficiency with sequential unloading 1 Tess in this
the efficiency under

ossible to shut dou
u1d be mwssmp to
Shoutd compressor

ig ific energy consumption than curve 1 of
simiitaneous unloading between points A ond 0. This
roves, in s 1 taneous unl oad

1r a1l comressors roach rescn
their surge conbre] Times haTtange

S Ser a—h—r‘lm Conpressor
stations equipped with two or more centrifugal
e bivn b < aaYtonmovs apBTGAE 10

o sangs sor Iunes v wne s eonerston ror
Nigher station energy efficiency at all gas denand
Tevels

son ction will show that this conclusion
qries o compressors apersting in seriess a5 mell o5
in Tel.

Precise Pressure Control
B e T broving neray efficiency,
il Vaneoks oot eb e EHE Suee conieal 1 msinas

such as the valves ond transaisters becone the liniting
factors.

In general the system response can be
significantly faster and more precise with simultaneous
Tozding/unlozding.

Hachine Prot:

Torpa
nachine protection,

Surge cantre

sinultaneous unloading, ©

Line on the o

sequential unloading. This is an important feature for
Ganage c

Tine always cafries sore risk of surge and surge
danage

s also spend less tine at their load
Linic or Spoed 11niz, another sdvantage for nachine
protection.

There are fewer starts and staps, which is a thicd
advantage.

suton

Hutonation is easfer with the station navin
sinultansous 10ading

utonation advantages possidle which

Tater in this article.

Unloading/Loaging Conpressors of Di frerent Siz
SeTecting the unloading/10ading sequen

parallel-operated centrifugal compressors nay b
Bore canp)fcated when tha o1ze. power and efficiency of

example, that one of two parall

s
il R e i Lt

recirculation,



Fig. 5 conpares the sinultaneous approach to

the surge cantrol Tine (curve 11) and sequential
unloading (dotted curve I). In the sequential
urloading, the less-efficient nachine 15 first unloaded
to its surge contro) line. Betueen points A (neximum
Station capacity) and B (the surge control Tine of the
Tess efficient machine) the station efficiency under

ese conpressors of

nt 8, efficiency drops drastically under
ARG R g,
£o the surge Timits, the
efficiency remaing high unti1 Poine €. AL G, both
egin recirculating.

e in capacity or efficiency
ercent, a sinultancous approach to
the surge contral lines is tho most efficient stratesy.

With compressors of significantly different
efficiencies (nore than 10 percent) mixed unlosding or
sequential unloading may be more efficient, in o
opinion. However, such stations are few in numer.

\ SHLTEOUS ArPrOACH TO
‘SURGE CONTROL LAES.

'
1\¢SEQUENTIAL UNLOAOING

'SPECIFIC POWER CONSUMPTION h

TS5 07 98 03 10
RELATIVE FLOW S

FI6, 5, SPECIFIC PONER CONSUMPTION
OF TuD DIFFERENT COMPRESSORS

THE S CRITERIA® FOR WORE-EFFECTIVE STATION CONTROL

here are many possible algorithes for

characterstics, the absolute distance of the nwmng
pofnit from the sucge control Tine is not useful.
recomend using a dinensionless number cxpressing m
relative distance fron the surge control line.
measucement technique will now be.{ncorporated fatea
contro] algori

120 1nn that will be described here we shall
coll the 'S Cricariar It 15 one possibie metnod
Soproved contral: The S Criteria wes developed and

patented by one of the authors, He believe this
2pproach to vnaamg/waamg is of value for:
2. controlling a simultaneous approach to the surge
e o comressors.,
b. increasing station energy efficie
Smproving. precision and speed of prassure contral,
improving machine protection, and
e, improving autonation.

The Equation Of The Surge Control Line
B eatcre S tha relativa-distance fram the
surge control 1ie df any comprassor st any given

ent, e must begin with the equation of ics sure
Controt line

Many equations heve been offered for thg surge
contro) Tine. In the article by the authors! we
Gefined one useful squation

Kap, +b . @
where:
K35 2 constant defining the slope of tne surge
Tinit Tine

apc 13 che pressure differential cross the

<
58,5 §5Ehe pressure differential across a flow
measuring device in the compressor suction
biis 8 contrune carlathy eha adstrce 11 soud 1oy
unft betyeen the surge Timit and the
contro

nis equation is valid for compressors with
constant gesmetry, stable gas comsition and s surge
Limit that s Tinéar in the above coordinates. This
equation' self comensating for inlet temperatu
changes. Refer Srictel For'a detatied analysis
of this equat o

e equation widely used to calculate the
Tine is.

variable camposition, or for comressors with icregular
surge Tinit Tines. Hoever these simple but widely
useful surge control Tine equations will suffice for
this example.

Tne Equation of_the s ot
e o

7 frese Surge - itrol aquiigs e shati
derine’s as Toltom

an
Ko +b ® w0
seo—— $E o @

5 §s less than 1, the operating point is in the
safe zone. The Tover thé value of s, the greater the
safe distance fron the surge control
ich s equal
compressor opzrat(“q Dol Tocated Just on the surge
ontro



higher than 1 corresponds to the operating
point havmq Crossed the surge cantrol 1ne and moved
Eoward surt
There-are two altermatives to calculate the
deviation compressor's operating point fran
Surge Control Line,
first fs:

ep=s-1 (s)

The second st

e
LaaRal el o
w,

b i el
0r g 7
2 s osPs )

2,
UEE IR B (8)

or

w7,

CER T ()

Using ey fn the contral slgorithm, it 15 possiie to
ensure Stable operation over the Whole ran

aperating conditions eyen with s high conteslser gatn.
This provides faster, better quality, more precise

Controlling a Stat the s Criterfa
i e e

for suctian pressure, having two centrifuge] sas
compressars with gas turbine o

e prinary or station controljer maintains

compressor has a
controller that divides the station load, pi
sncisurge control)
ntisurge controllers of compressors fo. 1 and

o, 2 Cateulote e criorts s for mate respective
nachines. Each antisurge contraller s
Calcuatad S value o the calcurat ing modue of fts
Conpanion Toedisnactny Satraian,

Tne calculat ing madule of each Toad-sharing
controller conputes the va

Sea(s-1)en o)

This 15 a universal equation that can be used for any
comressar sequncing.

uning by: I8 1 possible to individually
contro) the raealst change of flon
Betusen {65 paximun Joad and surge mm\ Tine, This
can further improve tete e
e Ehen: ceqandTess 6 thi
ysiues of &), dner Gcressing’tiow bath conpretsors
No. 1 and Mol 2 will reach their surge conral 1ines

(5-1) simiitaneously. If 85 are unequal,
CompTestors wiT1 revin theif Surge contrdt Tines
Sequentially. This permits any Sequancing desired.

s vaive goes to the PID part
Toad-sharing controller as its control variable. One
single set point for all load-sharing controllers is

this decrease of dynamic precision while using this
cascage control scheme.

irst afternative is to install a aynamic
filter between the antisurge controller comput i

and the Toad-sharing controller using ' a

ey s bty (S) K mg an
g =g+ 1y () xmg a2

The functions £1(5) and 15(5) are shown in Fig. 8.

9 1(3) ariable perniss rmc«ng the gain of
TR o i e Toad-sharing
Controlleras the operating point of compreseor
spproscnes the surge control line.  To camlete the

prinary o statfon controller Switches from controlling
the speed to controlling the position of the recycle
valve while approsching surge. The controllers fn chis
etttk el R
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CONTROLLING COMPRESSORS IN PARALLEL BY S CRITERIA
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LOAD SHARING CONTROLLER

ANTISURGE coNTROLLER.

2

‘orENLo0P,
A08PTIVE

Wil be much faster than
Tnen, Suring changes in 905 flow, the statian pressu
wI11be controlied irst a1 che’load sharing
11 Givide the total compressor station

e e optimn va

This schene achieves eaeray econony with exceltent
stendyes tate precision and dynamic precision:
1he s S S ke B B e
control Tines or speed 1imit Tines, it adds to machine
protection, especially since the nimber of starts and
Stops are mininized too,

The use of sdvanced antisurge controllers adds
svgm!;(anuy 0

 Lont-sharing controllecs,

TH1et bamvcutareorrlon demn. It therefore, lefds
itself to improved autonat fo

OTHER STATION CONTROL STRATEGIES

Supposs the controlled parametar 15 d1sch
pressure. and the station consises of twe centrfugal
935 compressors with gs turbine aETiaE nowiry fpasd

13. 9 shows the station controlled by biasing
Fion Biae 10 aviee e S1ation controlled by 5iasing
peed. (Biasing the posizion of the guids vanes or
TRTeE throiiie sould b analageus Eonieol sehamesy:
In both cases, the settings for each oac
2% it be cont el g through speed or
710w, §5 valid for only one set of inlet

ToTHE
AnTisURGE
VALVE

LOAD SHARING CONTROL B § CRITERIA

“ions change. That is to say, any change in
uction pressure, ‘suction flow, témperature, or
mommr weignt.

nerefore, 3 simul taneous approach to the surge
Control Tine Wil cequice ratoning of the contrllers
for optfmun 10ad distribution, This is a near!
" task. or 4 parator and no easy task for 3

cond defect of these comonly used systems is
the interaction of the independent surge control loops
The surge controller
sure and increase
pressuce control_systen

e

attenpbs 1o malntain d\schirg? Tesin, These are

nconpatible gozls and the quality of one or more of
is ser wmy affa(cen Gefliation

is Tikely t fr
Manial contral will b caliod Tor v Sronilfas e
systen.

Fes
iS) (8) 1]

=y S
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FIG. 9. STATION CONTROL 8Y BIASING FLOW

FroM Ky
opeATOR | Hinesn TISURGE
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A FIELD INSTALLATION

An example of these thearies in operation 1s

taken fran an oft-shore gas co

cquipned with two gas-turbin

335 S0pply 50 this station has botn Targe and
1

The
4 type designad by one of

s shown in Fig. 5.
strip-chart record of inlet pressuce,
Specd changes of the turbines, and response of the
antisurge valves.
he gas supply to the station at the tine ty 15
Ton. T onpressors are operating ot 1on
§9289 (70 Bercent of the naxinum speed of the pone
£ 0 the naxinun

sl Both antisurge (recycle) valves
3P Garcrally oper, and She gas subply 1o crerting ¢
iner The conirol systen sinuitanously closes
both antisurge \"euc\e‘, valves esnonsm A sharp
{ncrease n gas supply nomentarily causes !

presesre th Tncreas 3t time ta: The-control systen
Fapidly increases the spesd of bath compressors to
restore inlet presaure €o the requicad level.  AfSer
STight decrease, the gas supply. Increases agsin sharpi
3t Tine e, Agaln. tne cantral’sySten msintains the " "

ns stable fnlet pressure
ﬂucwatmns O the 955 supply
S %0 tp and te to
The daviatlon ofStre 1o5er piBbsuce
is

fron

e

St el (e it el
Tines using the S criteria,

T e

ei510n of before and after enes

gy
efficiency is not possidle,

s case, because this
ta

control systen is an orginal installation, not
retrofit. Machinery repairs have been minimal, and the
need for operator intervention or manval control
negligivle.

Teports to the authors indicate that, if

machine protection, and improved automatisn.

SOME CONCLUSIONS

ough much attention has been paid to
R R S e B D i
Strongly influenca operating efticiency

reliability, are often neglected.

Expecionce shows that we cannot commit the future;
et 12, ve camot Susrancas siable cperatins
condivians, good machine nencenance o tra
Gperators:” The authors veliove, Frerafare. bnat the
E i e Dl

ANTISURGE VALVE

SPEEDOF THE

PowsATURaNE
Mkl it
o
o
AmsuRGE VALvE
i
o
s
specoor e
A R
| T !
o
o
e ressuRe
oo
A
(i | =i oo
wel o
FI6. 1. OPERATION OF A COWRESSOR STATION,

SIMULTANEOUSLY UNLOADING BY CRITERIA §

efficient, autonatic operation under all possible
operating conditions.

o inprove contr
operating centrifugals,
are comanly neglected:

The Toading/unlonaing strategy, and

5 The surge contral strater

o1 of parallel (or series)
there are two key points that

The extra cost of the best control systen s very
snall conpared to the compressor repair costs and lost
operating efficiences o sten.

rious approach to improved control of
el e e et Tos el 5 axecdd
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